Genetic variation in adult size and fecundity was studied in the cotton stainer bug Dysdercus fasciatus in the laboratory using a split-family, two-environment, half-sib, full-sib design. Groups of siblings were grown in either a benign or a stressful moisture enviromnent. Sib analysis in each environment revealed additive genetic variance for adult size and fecundity only in the benign environment. Heritability estimates were zero for adult size and low for fecundity when averaged over the two environments. A substantial component of the phenotypic variance in adult size and fecundity was due to genotype-by-environment interaction. This result indicates that different genotypes would be favoured in different conditions if the selection occurred in a heterogeneous moisture environment.
Introduction
Size is a critical facet of life-history evolution (Stearns, 1984) . In particular, large females are often more fecund (Bluewiess et al., 1978; Llewellyn & Brown, 1985; Willows, 1987) and produce larger offspring (Crump, 1981; Derr et a!., 1981; Griffiths, 1985; Holloway et at., 1987; Willows, 1987) than small ones; and large males usually have enhanced mating success (Trivers, 1976; Cox & Le Boeuf, 1977; Ward, 1983) . However, while there have been many studies of the relationship between size and other fitness characters such as fecundity, the heritability of size variation is known only in a few species (e.g. 'Hegmann & Dingle, 1982) , and so the evolutionary result of an increase or decrease in size cannot be assessed.
In this paper, the result of a study to document the extent of genetic variation in adult size and fecundity in two moisture environments in the cotton stainer bug Dysdercus faciatus Sign. is reported. The genetic association of fecundity with adult size in this species is described in another paper (Kasule, 1991) . Moisture was used as an environmental variable in the study because it seemed that it may be an important factor contributing to life-history variation in Dysdercus species (Pearson, 1958; Derr, 1980a) . These bugs are seed predators of Malvales (Pearson, 1958) , and both larvae and adults feed by injecting saliva into the seed 273 and sucking the partially-digested soup. Very dry conditions in the field have been associated with the migration of Dysdercus species from crops where seeds were still plentiful (Whitfield, 1933; Pearson, 1958) .
Methods

Rearing and experimental design
The D. fasciatus used in this experiment were firstgeneration progeny of parents collected copulating in the field. The insects were from kapok (Ceiba pentandra L.) in the environs of the University of Dar es Salaam campus. Over 100 females were collected.
Upon collection from the field, each female was allowed to lay a clutch of eggs in a clear plastic cage (60 mm diam. X 40 mm) with a snap-on gauze lid. The cage contained kapok seeds and water delivered via a standard pad of tissue paper in the base. The eggs laid by each female were hatched separately. Within not more than 24 h after moulting, 15-s instar larvae of the progeny of each female were aspirated with a pooter and placed into a cage containing two sticks (perches), kapok seeds and a moist pad of tissue paper in the base (first instar larvae are non-feeding). Water was added to the tissue paper daily, and the seeds were changed every 2 days until adults emerged. One virgin male or female was collected at random from the progeny of each field-collected female and used for the experimental matings.
The experiment involved the growth of groups of sibling larvae in either benign or stressful moisture environments. Single-pair matings were performed iii cages in a nested half-sib mating design: two unrelated virgin females (dams) were mated to a single male (sire) to generate both full-sib and half-sib families (Robertson, 1959; Falconer, 1981) . Paternal half-sib families were used to derive estimates of the additive genetic component of phenotypic variance, while the variance among offspring of females within males consists of a combination of dominance, epistatic and maternaleffect (common environment) variances (Falconer, 1981) . From each dam, second instar larvae not more than 24 h old were assigned at random to two moisture environments as follows. Larvae were placed 15 per cage in each of four cages. Larvae in two cages were given water ad libitum (pad of tissue paper in the base of the cage always moist=benign environment), and larvae in the other two cages were given 1.5 ml of water every 2 days (pad of tissue paper always dry by the day water is added to it = stressful environment). In both cases larvae were offered abundant seeds, and these were changed every 2 days until adults emerged. Upon eclosion, four females were taken at random from each cage and weighed singly to 0.1 mg within 24 h of adult emergence. Each female was then confined with a male in a cage containing kapok seeds, and was returned to the environment in which she had grown to lay eggs. The number of eggs laid in the first clutch by each of these females was scored and used as an index of fecundity.
All rearings were conducted in an environmental chamber at 28°C 12 h light and 26°C 12 h dark.
Analysis
The original intention was to assay four females from each replicate in each environment, but pre-reproductive mortality reduced the number assayed for each dam to three or two females per replicate. Because of the limitation of computing facilities, a balanced design was necessary for the analysis of variance (ANOVA). To obtain a balanced data set, dams that did not have three surviving progeny per replicate in each environment were not included in the analysis, and progeny in excess of three per replicate were randomly removed. A total of 26 half-sib families containing 624 females (312 females in each moisture environment) were employed for adult-size and fecundity measurements.
The data were tested for effects of moisture (M), sire (s), dam (d) and interactions of sire-by-moisture (Ms) and dam-by-moisture (Md) by a partially-nested twoway ANOVA. Data were transformed to log10 to guard against violation of the assumptions of ANOVA (Sokal & Rohlf, 1981) and the estimation of scale-dependent genotype-by-environment interaction (Bulmer, 1981; Falconer, 1981) .
The linear model for this experiment is:
This is a mixed model (Sokal & Rohlf, 1981) in which 'ijkIm is the measurement on the mth female in the lth replicate (R) from the ith moisture environment (a fixed treatment effect) produced by the kth dam nested in the jth sire. Effects due to sire, dam and residual (e) were assumed to be random effects with zero means and variances T', Vd, and J/, respectively.
The genetic model for the variance of character Y, assuming absence of a significant amount of epistatic variation (Falconer, 1981) is: Observational variances from sires, dams and progenies (I/) were used to obtain estimates of the various variance components. Their genetic expectations, assuming absence of epistatis (Falconer, 1981) , are:
Note in (4) that a significant dam effect might result from genetic variation in a character that is additive or non-additive plus common environmental (maternal) effects. Thus, the phenotypic variance can be divided into: (1) the additive genetic variance, '=4I', (2) a non-additive genetic plus maternal-effect variance component, VNA +Al 4( Vd -T/) = VD + 1/i, (3) an addi- To assess the influence of growth conditions on the variance of a character, data from each environment were analysed separately using a hierarchical model II ANOVA (Sokal & Rohlf, 1981) :
Y,Jkl-1a+ s+d,J+Rk+elJk, where the symbols are as defined before.
The analysis-of-variance method may occasionally result in the estimation of negative variance components (Searle, 1971, p. 406 Calculation of heritabilities Narrow-sense heritabiities, which represent the proportion of phenotypic variance accessible to selection, were calculated as 4V/V (Falconer, 1981) .
Standard errors were also calculated according to the formula in Falconer(l98l, p. 169).
Results Table 1 gives the means of adult size and fecundity for siblings grown in benign versus stressful environments. Consider results from a two-way ANOVA first. Table 2 gives the results of the analysis of variance of the two characters. Table 3 gives the subdivision of phenotypic variance into its component parts for log adult size and log fecundity.
ANOVA indicated a significant effect of moisture on adult size and fecundity (Tables 1 and 2 ). There were no significant effects of male and female parents on either of the two characters studied (Table 2 ). Significant interaction was found between full-sib families (dams) and moisture for both adult size and fecundity (Table 2 ). The significant dam-by-moisture term indicates genotype-by-environment interaction for these characters, and suggests that a family's performance in one environment is not predictive of performance in the other.
Examination of variance components (Table 3) shows that there was no additive genetic component to phenotypic variability in log adult size. There was, (Table 3) . The residual environmental component of variance, expressed as a proportion of the total phenotypic variance, was 0.2.
Log fecundity was moderately heritable in these bugs. Twenty-four per cent of the total phenotypic variance was of an additive genetic nature (Table 3) . (6) This heritability estimate represents the degree of genetic determination when averaged over the two environments. The non-additive genetic plus maternaleffect component of variance was 0.12. The additive genetic interaction comprised 14 per cent of the total phenotypic variance, and the remaining half of the total phenotypic variance was due to non-additive genetic or maternal-effect interaction (Table 3) . Residual environmental effects were not important in fecundity variability in this sample of Dysdercusfasciatus. Table 4 gives estimates of the underlying components of phenotypic variability in log adult size and log fecundity in benign versus stressful environments. Log adult size was moderately heritable in a benign environment, but not in a stressful one (Table 4) . Nonadditive genetic or maternal effects in benign and stressful environments were 0.21 and 0.91, respectively. The residual environmental contribution to the phenotypic variance was 0.55 in a benign environment and zero in a stressful environment.
Log fecundity was highly heritable in a benign environment (Table 4) . By contrast, the heritability of log fecundity in a stressful environment is not significantly greater than zero, given the large standard error (Table 4 ). The non-additive genetic plus maternaleffect component of variance was zero in a benign environment and 0.92 in a stressful environment.
Residual environmental effects in benign and stressful environments were 0.24 and zero, respectively. In summary, these results (Table 4) indicate that the relative magnitudes of the components of phenotypic variance in adult size and fecundity differed between the two environments. Additive genetic and residual environmental effects were important in a benign environment, whereas a remarkably large component of non-additive genetic or maternal effects conditioned the phenotypic expressions of adult size and fecundity in a stressful environment (Table 4) . 
Discussion
Heritability estimates are uncomfortably imprecise when based on small sample sizes (Robertson, 1959; Falconer, 1981) . The results presented here are based on 26 half-sib families, each of which had only two females per male and 12 individuals in each environ- Although the degree of genetic determination was zero for adult size and low for fecundity when averaged over the two moisture environments (Table 3) , there was a sizeable amount of heritable variation in adult size, and fecundity displayed abundant additive genetic variance in a benign environment (Thble 4), subject to sampling error. By contrast, the genetic variation of these characters had different properties in a stressful environment, being entirely ascribable to maternal or non-additive genetic effects (Table 4) . A likely explanation for the large contribution of the non-additive genetic plus maternal-effect component to the phenotypic variance of adult size and fecundity in a stressful environment (Table 4) is that maternal effects are somewhat more likely to be manifest in stressful than in benign conditions (Crump, 1984) . Large females are more fecund than small ones, and size of offspring is, as generally accepted, affected by maternal size. In addition, a large offspring may fare better than a small one. Therefore, some of the variance among full-sib families in a stressful environment may have stemmed from differences among the dams in their patterns of egg provisioning, the effect of which may persist throughout life. This suggests that maternal effects may provide a potential mechanism for changing characters, which are related to size, through selection on maternal phenotype (Kirkpatrick & Lande, 1989) .
Relatively few similar studies have been published, but their results are generally in accord with this one. McLaren (1976) found that the heritability of several life-history characters in the copepod, Eurytemora herdmani, was low when individuals were grown at temperatures resembling those in their natural environments, but high at other temperatures. Giesel et at. (1982) and Murphy et a!. (1983) found large shifts in heritability estimates with changes in environmental temperature for several fitness characters of Drosophila melanogaster and D. simulans, respectively. Berven (1988) found that body size in mountain and lowland populations of the frog, Rana sylvatica, exhibited abundant additive genetic variance, but that development time was strongly heritable only in the mountain population.
These studies show that the difference in the components of phenotypic variance in fitness characters between the two environments in the present investigation (Table 4) is not unique to D. fasciatus. Other workers have criticized the estimation of genetic parameters in only one set of environmental conditions. Murphy et at. (1983) pointed out that estimation of genetic variation in only one set of environmental conditions may not be useful in providing insight into what may be happening in natural populations which, presumably, experience variable selection pressures. Via (1984) maintained that only studies which address the possibility of genotype-by-environment interactions will produce realistic estimates of genetic variation for organisms in heterogenous environments.
The data in Table 3 show that genotype-byenvironment interactions explained a substantial proportion of the phenotypic variance for adult size and fecundity in D. fasciatus. This result is significant in light of the question of how heritable variation is maintained for fitness characters.
•A corollary of Fisher's fundamental theorem (Fisher, 1930) is that additive genetic variance for fitness or major components of fitness is expected to be low (Falconer, 1981) because directional selection tends to erode most of the mutant genetic variability.
Adult size and fecundity have obvious effects on fitness (Falconer, 1981, p. 308) , and so are expected to have low heritabilities. Table 4 shows, however, that these characters, especially fecundity, displayed considerable heritable variation in a benign environment. Other workers have also shown substantial amounts of additive genetic variation in the life-history characters of many species (McLaren, 1976; Derr, 1980b; Rose & Charlesworth, 1981; Hegmann & Dingle, 1982; Murphy et at., 1983; Mousseau & Roff, 1987; Berven, 1988) .
A variety of hypotheses have been advanced to account for the presence of genetic variation in lifehistory characters including, (1) mutation-selection balance (Lande, 1975; Turelli, 1984; Keightley & Hill, 1988) , (2) antagonistic pleiotropy between fitness characters (Falconer, 1977; Rose, 1982) , and (3) selection varying in direction in space and time (Haldane & Jayaker, 1963; Hedrick eta!., 1976; Ewing, 1979) . My data suggest that selection could result in genetic variance if the selection occurred in a heterogenous environment.
The genotype-by-environment interaction variance estimated in adult size and fecundity (Table 3) demonstrates genetic variability in the relative performance of individuals in different environments. Similar results have been shown for other organisms. Dobzhansky & Spassky (1944) and Gupta & Lewontin (1982) found that genotypes changed rank in viability at different temperatures in Drosophila pseudoobscura. The classic work of Clausen eta!. (1948) on the response of plant size to elevation among clones of Achil!ea indicates significant genotype-by-environment interaction. Parsons (1977) found significant genotype-by-temperature interaction variance in longevity for Drosophila simulans. Giesel eta!. (1982) and Murphy eta!. (1983) found that genotypes changed positions with changes in temperature in D. melanogaster and D. simu!ans, respectively. Via (1984) found significant genotype-byenvironment interaction in development time on two host plant species in the fly Liriomyza sativa.
From an evolutionary perspective, these observations suggest that if high-performance genotypes in one environment differ from those in another, we would expect different genotypes to be selected under different conditions in a heterogeneous environment. So, when individuals mix in the random mating pooi, any genotypic differences among individuals selected under different conditions are likely to have a large effect on the genetic variance in the mating pool, whether or not Fisher's fundamental theorem is in force.
